Introduction {#sec1}
============

Inflammasomes are protein complexes that serve as pattern recognition receptors and intersect with a wide variety of immune pathways.[@bib1], [@bib2], [@bib3] Nod-like receptor (NLR) family pyrin domain containing 3 (NLRP3), the most well studied inflammasome, belongs to NLR family and forms a complex comprising adaptor proteins, such as apoptosis-associated speck-like protein (ASC) and the serine protease caspase-1. NLRP3 inflammasome activation governs the cleavage and activation of caspase-1, leading to maturation of effector pro-inflammatory cytokines, such as pro-interleukin (IL)-1β and pro-IL-18.[@bib4], [@bib5], [@bib6], [@bib7] Aberrant activation of NLRP3 inflammasome has been regarded as an important initiator or promoter in multiple diseases, such as autoimmune disease, cancer, neurodegenerative disorders, and so on.[@bib8], [@bib9], [@bib10], [@bib11] For instance, NLRP3 inflammasome activation was increased in the adipose tissue and liver of obese mice and humans, and its expression level was directly correlated with the severity of type 2 diabetes in obese individuals.[@bib12] Notably, myeloid-specific NLRP3 inflammasome hyperactivation resulted in predominant neutrophilic infiltration and hepatic stellate cell activation, leading to severe liver inflammation and fibrosis in mice.[@bib13] Although the critical role of NLRP3 inflammasome has been identified in various pathological conditions of liver disease, the precise epigenetic regulation of NLRP3 inflammasome in macrophages during liver injury remains incompletely understood.

MicroRNA (miRNA), a sort of single-stranded noncoding small RNA, is known to negatively regulate gene expression posttranscriptionally, either by inhibiting translation or destabilizing its target transcripts.[@bib14], [@bib15], [@bib16] Recent studies have identified that NLRP3 can be regulated by several miRNAs in various diseases, including miR-22-3p,[@bib17] miR-21,[@bib18] miR-132,[@bib19] miR-181a,[@bib20] and so on. However, few studies have investigated which miRNAs might target and regulate NLRP3 in macrophages during liver injury. Since the expression pattern of miRNAs is tissue- and cell-specific, it is worthwhile to further explore the regulative effect of miRNAs on the expression and activation of NLRP3 inflammasome in macrophage-associated liver inflammation.

The endocannabinoid system (ECS) has been shown to regulate a variety of biological processes, including memory, appetite, energy metabolism, and immunity.[@bib21]^,^[@bib22] Endocannabinoids (anandamide, AEA; 2-arachidonoylglycerol, 2-AG) are endogenous lipid ligands, which can bind to two G protein-coupled cannabinoid receptors (CB1 and CB2) and trigger a cascade of intracellular signal activation, leading to specific gene expression and various cellular responses, including inflammation and tissue repair.[@bib23] For example, CB1 contributed to lipopolysaccharide-induced inflammation and insulin resistance in the model of metabolic endotoxemia.[@bib24] An imbalance in the renal ECS with CB1 signaling prevailing over that of CB2, resulted in oxidative stress and inflammation followed by cell dysfunction, apoptosis, and kidney fibrosis.[@bib25] As for the role of ECS in liver, CB1 promoted hepatocellular carcinoma initiation and progression by the induction of various tumor-promoting genes.[@bib26] CB2 activation decreased liver inflammation and fibrosis by reducing IL-17 production by T helper 17 (Th17) lymphocytes via a STAT5-dependent pathway and by blunting the pro-inflammatory effects of IL-17 on its target cells, while preserving IL-22 production.[@bib23] Our previous studies had also found that CB1 promoted the infiltration and activation of monocytes/macrophages in liver injury mouse model.[@bib27], [@bib28], [@bib29] Nevertheless, the relationship between CB activation and NLRP3 inflammasome and the corresponding molecular mechanism in macrophages during liver inflammation and injury has not yet been well demonstrated.

The current study uncovers a critical role of CB1 in macrophage NLRP3 inflammasome and identifies miR-30b-5p as a negative regulator of NLRP3 expression and NLRP3 inflammasome activation in macrophages during liver inflammation and injury. These data expand our understanding of NLRP3 inflammasome in liver inflammation and indicate that CB1/miR-30b-5p-based therapies are anticipated for treatment of liver disease.

Results {#sec2}
=======

CB1 Expression Was Increased in Injured Liver and Positively Correlated with NLRP3 {#sec2.1}
----------------------------------------------------------------------------------

We first examined the expression of CB1 in chronic liver injury in mice. We used two mouse models of liver injury induced by carbon tetrachloride (CCl~4~) or feeding a methionine-choline-deficient and high fat (MCDHF) diet. The result of qRT-PCR showed that CB1 mRNA expression was significantly increased at day 3 of CCl~4~ administration, continued to increase as the administration time prolonged, and peaked at 4 weeks ([Figure 1](#fig1){ref-type="fig"}A). Similar results were detected in the liver of MCDHF mice. The mRNA expression of CB1 began to increase at day 7 of MCDHF diet and continuously increased throughout the entire stage of chronic liver injury, reaching its peak around 2 weeks ([Figure 1](#fig1){ref-type="fig"}B). Then we examined NLRP3 expression in the injured liver, showing the significant upregulation of NLRP3 mRNA expression in the damaged liver of CCl~4~ ([Figure 1](#fig1){ref-type="fig"}C) and MCDHF mice ([Figure 1](#fig1){ref-type="fig"}D). Meanwhile, we detected the expression of NLRP3 at the protein levels in the injured liver. As shown in [Figure 1](#fig1){ref-type="fig"}E, western blot analysis revealed a pronounced increase in hepatic NLRP3 expression after CCl~4~ treatment and MCDHF diet feeding. We then undertook correlation analysis of mRNA expression levels between CB1 and NLRP3. Each dot represented one liver sample from all mice (including OO-, CCl~4~-, CD-, and MCDHF-treated groups). Correlation coefficients were calculated using relative mRNA expression levels of CB1 and NLRP3 from the same sample by Pearson correlation test. The result showed that there was a positive correlation between the expression of CB1 and NLRP3 in liver ([Figure 1](#fig1){ref-type="fig"}F), indicating that CB1 might be involved in NLRP3 inflammasome activation. Altogether, these results showed that CB1 expression was upregulated in the injured liver of CCl~4~ and MCDHF mice, and CB1 might play a potential role in the regulation of NLRP3 expression during liver injury.Figure 1The NLRP3 Expression in Injured Liver and the Correlation between NLRP3 and CB1 Expression in Liver(A) CB1 mRNA expression in the fibrotic liver of CCl~4~ mice. (B) CB1 mRNA expression in the fibrotic liver of MCDHF mice. (C) NLRP3 mRNA expression was examined by qRT-PCR in the fibrotic liver of CCl~4~ mice. (D) NLRP3 mRNA expression in the fibrotic liver of MCDHF mice. (E) NLRP3 protein expression was examined by western blot in the fibrotic liver of CCl~4~ and MCDHF mice. (F) The correlation between CB1 and NLRP3 mRNA expression in liver tissue. Data are presented as the mean ± SEM. n = 6 per group. ∗p \< 0.05 versus control. OO, olive oil; CCl~4~, carbon tetrachloride; CD, control diet; MCDHF, methionine-choline-deficient and high fat.

NLRP3 Was Expressed in Macrophages of Injured Liver, Positively Correlated with CB1 Expression in Macrophages {#sec2.2}
-------------------------------------------------------------------------------------------------------------

Although NLRP3 was expressed in a variety of cells, a large body of literature indicated that NLRP3 inflammasome in macrophage played an important role in the development and progression of disease.[@bib30] Next we verified whether NLRP3 was expressed in the macrophages of injured liver. Immunofluorescence staining showed that there was low expression of NLRP3 in the liver of control group, while NLRP3 expression was found to be significantly increased in CCl~4~- and MCDHF-induced mouse injured liver ([Figures 2](#fig2){ref-type="fig"}A and 2B). In addition, we quantified the proportion of both F4/80 (macrophage marker)-positive and NLRP3-positive cells among total NLRP3-positive cells using the software Image-Pro Plus. Our result showed that NLRP3 was mainly expressed in macrophages, as demonstrated by the fact that percentage of NLRP3^+^/F4/80^+^ cells accounting for total NLRP3^+^ cells was more than 70% ([Figure 2](#fig2){ref-type="fig"}B).Figure 2The NLRP3 Expression in Macrophages of Injured Liver(A) Representative images of immunofluorescence analysis of NLRP3 (red) and F4/80 (green) expression in the fibrotic liver. (B) The proportion of NLRP3^+^/F4/80^+^ cells accounting for total NLRP3^+^ cells was measured by Image-Pro Plus software. Data are presented as the mean ± SEM. n= 6 per group. ∗p \< 0.05 versus control. CCl~4~, carbon tetrachloride; MCDHF, methionine-choline-deficient and high fat.

To confirm the role of NLRP3 on macrophages *in vivo*, we isolated liver macrophages from non-parenchymal cells of mouse liver as published previously[@bib27] and identified them by fluorescence-activated cell sorting (FACS) analysis of F4/80 expression ([Figure 3](#fig3){ref-type="fig"}A). We then detected the mRNA expression levels of CB1 and NLRP3 in isolated liver macrophages after 4 weeks of CCl~4~ administration or 2 weeks after MCDHF diet. qRT-PCR results showed a significant increase in both CB1 ([Figure 3](#fig3){ref-type="fig"}B) and NLRP3 ([Figure 3](#fig3){ref-type="fig"}C) expression in the injured liver. We also analyzed the correlation between CB1 and NLRP3 mRNA expression using linear correlation analysis, finding that the expression of CB1 in macrophages was positively correlated with the expression of NLRP3 ([Figure 3](#fig3){ref-type="fig"}D). Collectively, these results indicated that NLRP3 was mainly expressed in macrophages of injured liver and CB1 was involved in the regulation of NLRP3 inflammasome in macrophages.Figure 3The NLRP3 Expression in Isolated Liver Macrophages and the Correlation between NLRP3 and CB1 Expression in Macrophages(A) Representative FACS histograms and plots for F4/80 expression. (B) CB1 mRNA expression in the isolated liver macrophages of CCl~4~ and MCDHF mice was examined by qRT-PCR. (C) NLRP3 mRNA expression in the isolated liver macrophages of CCl~4~ and MCDHF mice. (D) The correlation between CB1 and NLRP3 mRNA expression in the isolated liver macrophages. Data are presented as the mean ± SEM. n = 6 per group. ∗p \< 0.05 versus control. OO, olive oil; CCl~4~, carbon tetrachloride; CD, control diet; MCDHF, methionine-choline-deficient and high fat.

CB1 Activation Promoted NLRP3 Expression in Macrophages {#sec2.3}
-------------------------------------------------------

Large numbers of bone marrow-derived monocyte/macrophages (BMMs) were recruited to the injured liver and played an important role in liver inflammation and injury in mice.[@bib27]^,^[@bib28] To demonstrate the effect of CB1 on NLRP3 expression in macrophages *in vitro*, we stimulated cultured BMMs with CB1 agonist ACEA for 6 h and detected the NLRP3 mRNA expression levels. qRT-PCR results showed that ACEA (1 μmol/L) promoted the mRNA expression levels of NLRP3 at 6 h ([Figure 4](#fig4){ref-type="fig"}A), implying that the activation of CB1 effectively promoted NLRP3 expression. When BMMs were pretreated with AM281 (CB1 antagonist), ACEA-induced elevations of NLRP3 mRNA levels were suppressed ([Figure 4](#fig4){ref-type="fig"}A). To confirm the critical role of CB1, we employed CB1-specific small interfering RNA (siRNA) and measured the silencing efficiency of CB1 siRNA at mRNA level. After transfection of BMMs with CB1 siRNA, the mRNA expression of CB1 was reduced to 43% ([Figure 4](#fig4){ref-type="fig"}B), which was in accordance with the experimental requirements. Similar to the AM281 pretreatment results, silencing CB1 expression with siRNA abrogated the enhancement of NLRP3 expression induced by ACEA in BMMs ([Figure 4](#fig4){ref-type="fig"}C). Collectively, these results indicated that CB1 activation promoted the expression of NLRP3 in macrophages.Figure 4The NLRP3 Expression Was Mediated by CB1 Activation in MacrophagesBMMs were treated with 1 μmol/L CB1 agonist ACEA for 6 h to examine NLRP3 mRNA and 12 h to detect IL-1β protein, with the pre-treatment of 10 μmol/L CB1 antagonist AM281. (A) NLRP3 mRNA expression was examined by qRT-PCR in ACEA-treated BMMs with or without AM281. (B) Transfection efficiency of CB1 siRNA. (C) NLRP3 mRNA expression in ACEA-treated BMMs with or without CB1 siRNA. Data are presented as the mean ± SEM. n = 6 per group. ∗p \< 0.05 versus control. \#p \< 0.05 versus ACEA-treated alone.

CB1 Blockade Reduced NLRP3 Expression, Activation of NLRP3 Inflammasome, and Liver Inflammation *In Vivo* {#sec2.4}
---------------------------------------------------------------------------------------------------------

To confirm the pivotal role of CB1 in the regulation of NLRP3 expression in insulted liver, we performed administration of CB1 antagonist, AM281, in the mouse models. As expected, AM281 injection markedly reduced the mRNA levels of NLRP3 in injured livers of CCl~4~-treated mice compared with that in CCl~4~-treated alone ([Figure 5](#fig5){ref-type="fig"}A). Similar to the result of CCl~4~-induced murine liver injury, AM281 pre-treatment also reduced the mRNA expression of NLRP3 in the damaged liver of MDCHF mice ([Figure 5](#fig5){ref-type="fig"}B). Consistent with the mRNA results, AM281 pretreatment reduced the expression of NLRP3 protein levels in the injured liver ([Figure 5](#fig5){ref-type="fig"}C). Furthermore, we investigated the changes of NLRP3 inflammasome activation product IL-1β and measured the protein levels of IL-1β in liver using CBA kit ([Figure 5](#fig5){ref-type="fig"}D). AM281 administration significantly decreased the protein levels of IL-1β in the injured liver of CCl~4~ ([Figure 5](#fig5){ref-type="fig"}E) and MCDHF mice ([Figure 5](#fig5){ref-type="fig"}F). Hematoxylin & eosin (H&E) staining showed a significant decrease in liver inflammation and injury after the administration of AM281 ([Figure 9](#fig9){ref-type="fig"}A) and the area of inflammation quantified by digital image analysis was dramatically reduced with AM281 injection in MCDHF mice ([Figure 9](#fig9){ref-type="fig"}B). The results verified that CB1 blockade *in vivo* resulted in the suppression of NLRP3 expression, activation of NLRP3 inflammasome, and the attenuation of liver inflammation.Figure 5The Blockade of CB1 on NLRP3 Expression and NLRP3 Inflammasome Activation *In Vivo*CB1 antagonist AM281 (2.5 mg/kg BW) was injected intraperitoneally to CCl~4~-treated mice for 28 days or MCDHF mice for 14 days. (A and B) NLRP3 expression in the liver of CCl~4~ (A) and MCDHF (B) with or without AM281 administration. (C) NLRP3 protein expression was examined by western blot in the injured liver of CCl~4~ and MCDHF mice. (D) Hepatic IL-1β level was examined by CBA in the CCl~4~ and MCDHF mice. (E) IL-1β protein level in the liver of CCl~4~ mice. (F) IL-1β protein level in the liver of MCDHF mice. Data are presented as the mean ± SEM. n = 6 per group. ∗p \< 0.05 versus control. \#p \< 0.05 versus CCl~4~- or MCDHF-treated alone. OO, olive oil; CCl~4~, carbon tetrachloride; CD, control diet; MCDHF, methionine-choline-deficient and high fat.

miR-30b-5p Targeting NLRP3 Was Screened by the Intersection of Bioinformatics Databases and Downregulated miRNAs in the Injured Liver of Mouse and Human {#sec2.5}
--------------------------------------------------------------------------------------------------------------------------------------------------------

In recent years, a large number of studies have shown that miRNA can regulate the expression of most genes at the transcriptional level and affect the function of cells.[@bib31] Therefore, we next sought to investigate whether one or some miRNAs were involved in the regulation of NLRP3 mRNA expression by CB1. To identify the miRNAs targeting NLRP3, we intersected the predicted miRNAs from two databases (<http://www.targetscan.org>; <http://www.microrna.org>) and got 12 putative miRNAs for target gene NLRP3 ([Figure 6](#fig6){ref-type="fig"}A). We used qRT-PCR to detect changes in the expression of 12 miRNAs in two models of chronic liver injury induced by CCl~4~ or MCDHF diet.Figure 6miR-30b-5p Targeting NLRP3 Was Screened(A) The screen of miRNAs targeting NLRP3. (B) The miRNA expression was examined by qRT-PCR in the fibrotic liver induced by CCl~4~. (C) The miRNA expression in the fibrotic liver induced by MCDHF. (D) The correlation between NLRP3 and miR-30b-5p in mouse liver tissue. (E) The correlation between NLRP3 and miR-30b-5p in human liver tissue. (F) miR-30b-5p expression was examined by qRT-PCR in the liver of CCl~4~ and MCDHF mice with or without AM281 administration. Data are presented as the mean ± SEM. n = 6 per group. ∗p \< 0.05 versus control. \#p \< 0.05 versus CCl~4~- or MCDHF-treated alone. OO, olive oil; CCl~4~, carbon tetrachloride; CD, control diet; MCDHF, methionine-choline-deficient and high fat.

The hepatic expression of miR-30b-5p, miR-186-5p, miR-539-5p, and miR-216b-5p was significantly downregulated after 4 weeks of CCl~4~ administration ([Figure 6](#fig6){ref-type="fig"}B). Meanwhile, the expression of miR-7a-5p, miR-30a-5p, miR-30b-5p, miR-223-3p, and miR-485-5p were significantly downregulated after 2 weeks of MCDHF diet feeding compared with the control group ([Figure 6](#fig6){ref-type="fig"}C). Based on the fact that only miR-30b-5p expression was downregulated in both liver injury models, we focused on miR-30b-5p in future studies and investigated whether miR-30b-5p was involved in the regulation of NLRP3 mRNA expression by CB1. We further analyzed the correlation between hepatic miR-30b-5p level and NLRP3 mRNA expression. A straight-line fit was obtained between miR-30b-5p and NLRP3 expression, with the correlation coefficient r = −0.836 in mouse ([Figure 6](#fig6){ref-type="fig"}D).

Moreover, we tested the expression of NLRP3 and miR-30b-5p in patient liver of different etiologies, including chronic hepatitis B virus and hepatitis C virus infections, alcohol abuse, drug-induced and autoimmune liver disease, and so on and obtained a negative correlation between NLRP3 and miR-30b-5p as well ([Figure 6](#fig6){ref-type="fig"}E). These results suggested that miR-30b-5p might be able to regulate NLRP3 mRNA expression in both human and mouse inflammatory liver, independent of species and etiology. Furthermore, CB1 blockade with AM281 administration increased the hepatic level of miR-30b-5p in injured livers of CCl~4~ and MCDHF mice ([Figure 6](#fig6){ref-type="fig"}F), indicating the potential role of CB1/miR-30b-5p axis in NLRP3 inflammasome.

miR-30b-5p Was Involved in CB1-Mediated NLRP3 Expression and Inflammasome Activation in Macrophages by Directly Targeting NLRP3 {#sec2.6}
-------------------------------------------------------------------------------------------------------------------------------

To investigate whether miR-30b-5p was involved in the regulation of CB1-mediated NLRP3 mRNA upregulation, we measured the expression of miR-30b-5p after CB1 activation by ACEA stimulation in BMMs, finding that miR-30b-5p expression was markedly decreased with the treatment of ACEA compared with the control group ([Figure 7](#fig7){ref-type="fig"}A). BMM cells were transfected with miR-30b-5p mimic or inhibitor to alter its expression and treated with or without CB1 agonist ACEA for 6 h. The transfected efficiency of miR-30b-5p mimic ([Figures 7](#fig7){ref-type="fig"}B, left) and inhibitor ([Figures 7](#fig7){ref-type="fig"}B, right) was verified by qRT-PCR analysis. Overexpression of miR-30b-5p with its mimic inhibited the mRNA expression of NLRP3 induced by ACEA, while miR-30b-5p inhibition by its inhibitor resulted in the upregulation of NLRP3 mRNA level ([Figure 7](#fig7){ref-type="fig"}C). Furthermore, the increased protein levels of NLRP3 and NLRP3 inflammasome activation product IL-1β induced by ACEA were suppressed after the transfection of miR-30b-5p mimic, and on the contrary, transfection of miR-30b-5p inhibitor promoted the protein expression of NLRP3 and IL-1β in BMMs ([Figure 7](#fig7){ref-type="fig"}D). To confirm the binding of miR-30b-5p with NLRP3, we transfected cells with biotinylated miR-30b-5p mimic, incubated them with streptavidin-coupled beads, and then conducted qRT-PCR to measure the amount of bound RNAs. The biotin-avidin pull-down assay uncovered that NLRP3 could be pulled down by wild-type bio-miR-30b-5p, whereas it could not be pulled down by the bio-control ([Figure 7](#fig7){ref-type="fig"}E), indicating the direct binding of miR-30b-5p with NLRP3 mRNA. Luciferase reporter assays were used to further validate that NLRP3 was a direct target of miR-30b-5p. Luciferase reporter genes were constructed using the NLRP3 3′ UTR and the mutant counterpart at the miR-30b-5p-binding regions, and miR-30b-5p mimic was co-transfected into the cells. Overexpression of miR-30b-5p significantly inhibited the luciferase activity of NLRP3 with the wild-type 3′ UTR, but not with mutant 3′ UTR ([Figure 7](#fig7){ref-type="fig"}F). Altogether, these results provided clear evidence that NLRP3 was a direct and functional downstream target of miR-30b-5p, and miR-30b-5p was involved in CB1-mediated activation of NLRP3 inflammasome in macrophages by targeting NLRP3 mRNA.Figure 7The Regulation of miR-30b-5p on NLRP3 Expression and NLRP3 Inflammasome Activation in BMMs(A) miR-30b-5p expression in CB1 agonist ACEA-treated BMMs. (B) miR-30b-5p expression in BMMs transfected with miR-30b-5p mimic or inhibitor. (C) NLRP3 mRNA expression was examined by qRT-PCR with or without miR-30b-5p mimic or inhibitor transfection in ACEA-treated BMMs. (D) NLRP3 protein expression was examined by western blot with miR-30b-5p mimic or inhibitor transfection in BMMs. (E) Binding of miR-30b-5p with NLRP3 mRNA by biotin-avidin pull-down assay. (F) Luciferase reporter assay was performed to demonstrate NLRP3 was a target of miR-30b-5p. Data are presented as the mean ± SEM. n = 6 per group. ∗p \< 0.05 versus control. \#p \< 0.05 versus ACEA-treated alone.

miR-30b-5p Targeted NLRP3 and Attenuated Liver Inflammation *In Vivo* {#sec2.7}
---------------------------------------------------------------------

Finally, we investigated the regulation of miR-30b-5p on NLRP3 expression and liver inflammation *in vivo*, through the injection of miR-30b-5p agomir into MCDHF mice. The hepatic expression of miR-30b-5p was first examined by qRT-PCR, verifying the effectiveness and specificity of miR-30b-5p agomir *in vivo* ([Figure 8](#fig8){ref-type="fig"}A). The NLRP3 mRNA ([Figure 8](#fig8){ref-type="fig"}B) and protein levels ([Figure 8](#fig8){ref-type="fig"}C) were markedly attenuated after the injection of miR-30b-5p agomir in MCDHF mice. In line with NLRP3 expression, IL-1β protein expression also presented a significant drop in the presence of miR-30b-5p agomir in MCDHF mice ([Figure 8](#fig8){ref-type="fig"}D). Liver histology was evaluated by H&E staining ([Figure 9](#fig9){ref-type="fig"}A) and quantified by digital image analysis ([Figure 9](#fig9){ref-type="fig"}B). H&E-stained sections showed a decrease in liver injury following miR-30b-5p agomir administration in MCDHF mice ([Figure 9](#fig9){ref-type="fig"}A). Moreover, the area of inflammation displayed a partial decrease of liver inflammation after the injection of miR-30b-5p agomir in the injured liver, which was not like the total blockage of CB1 agonist AM281 ([Figure 9](#fig9){ref-type="fig"}B). Taken together, these results validated that miR-30b-5p targeted NLRP3 and partially attenuated liver inflammation *in vivo*.Figure 8The Effect of miR-30b-5p on NLRP3 Expression and Inflammasome Activation *In Vivo*5 nM miR-30b-5p agomir (mimic *in vivo*) or agomir negative control was injected into the tail vein twice per week in day 14 MCDHF mice. "+" represented injection of miR-30b-5p agomir, "--" represented injection of agomir negative control. (A) Transfection efficiency of miR-30b-5p agomir in the liver of MCDHF mice. (B) NLRP3 mRNA levels in liver tissue were measured by qRT-PCR with or without miR-30b-5p agomir injection in MCDHF mice. (C) NLRP3 protein levels in liver tissue were measured by western blot. (D) IL-1β protein expression was examined by ELISA with or without miR-30b-5p agomir injection in MCDHF mice. Data are presented as the mean ± SEM. n = 6 per group. ∗p \< 0.05 versus control. \#p \< 0.05 versus MCDHF-treated alone. CD, control diet; MCDHF, methionine-choline-deficient and high fat.Figure 9The Effect of AM281 and miR-30b-5p on Liver Inflammation *In Vivo*(A) Representative H&E-staining liver sections in MCDHF mice with the injection of CB1 antagonist AM281 or miR-30b-5p agomir (mimic *in vivo*). (B) The area of inflammation was quantified by digital image analysis. Data are presented as the mean ± SEM. n = 6 per group. ∗p \< 0.05 versus control. \#p \< 0.05 versus MCDHF-treated alone. CD, control diet; MCDHF, methionine-choline-deficient and high fat.

Discussion {#sec3}
==========

Here we characterize the vital role of CB1 and miR-30b-5p in regulating NLRP3 expression and NLRP3 inflammasome activation in macrophages during liver inflammation injury. Our work provides several new findings as follows: (1) CB1 expression is increased in injured liver and isolated liver macrophages during chronic liver injury, positively correlated with NLRP3 expression; (2) CB1 activation promotes NLRP3 expression and NLRP3 inflammasome activation in macrophages; (3) miR-30b-5p, screened by the intersection of bioinformatics databases and downregulated miRNAs in the injured liver, participates in CB1-mediated activation of NLRP3 inflammasome in macrophages by directly targeting NLRP3; (4) CB1 blockade increases the hepatic level of miR-30b-5p, reduces NLRP3 expression, activation of NLRP3 inflammasome, and liver inflammation *in vivo*; and (5) miR-30b-5p targets NLRP3 and attenuates liver inflammation *in vivo*.

Modulation of ESC has been considered to be an important therapeutic target in inflammatory and autoimmune diseases.[@bib32]^,^[@bib33] For example, WWL70, inhibitor of 2-AG hydrolytic enzyme, inhibited experimental autoimmune encephalomyelitis-induced symptoms and reduced inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), tumor necrosis factor (TNF), and IL-1β expression, as well as nuclear factor κB (NF-κB) phosphorylation in the central nervous system.[@bib34] CB1 signaling contributed to insulin resistance in both type 1 and 2 diabetes mellitus, and CB1 blockade inhibited hyperglycemia and controlled obesity in mice and cannabis users.[@bib35]^,^[@bib36] Importantly, CB1 antagonist contributed to the beneficial effects on lipid metabolism, anti-inflammatory and anti-fibrogenic properties in various aspects of liver pathophysiology.[@bib37] CB1 inactivation in fatty acid amide hydrolase-deficient mice suppressed hepatocarcinogenesis through decreased hepatocyte proliferation and liver fibrosis.[@bib38] Our previous studies had also proved that CB1 inhibition resulted in the reduced cytokine expression and phagocytosis of macrophages in CCl~4~-induced chronic liver injury.[@bib27], [@bib28], [@bib29] Here we further characterized the role of CB1 in macrophage NLRP3 inflammasome in the injured livers of two different mouse models and patients with chronic liver disease of different etiologies, demonstrating that CB1 activation mediated the upregulation of NLRP3 expression and activation of NLRP3 inflammasome, and CB1 blockade by its antagonist AM281 *in vivo* reversed NLRP3 inflammasome activation and liver inflammation. These data may further provide a rationale for the use of CB1 antagonists, especially peripherally restricted CB1 antagonists in liver inflammatory disease. There were also studies reporting the anti-inflammatory action of CB1 activation.[@bib39]^,^[@bib40] For instance, activation of cannabinoid receptors by JZL184 decreased immune cell influx and cytokine production and alleviated lung pathology.[@bib39] A possible explanation for this discrepancy might be different cell types in vastly different micro-environments for a variety of diseases. Moreover, due to the weak affinity between ACEA and CB2, further study will be needed to explore the effect of CB2 on NLPR3 inflammasome and the specific contribution of CB1 versus CB2 to NLRP3 inflammasome activation in our cell and mouse models.

Nucleic acid-based therapy has shown great promise in a variety of diseases.[@bib41] Especially miRNA and siRNA exert their function in the cytoplasm, thereby being more efficient in hard-to-transfect cells, such as primary cells.[@bib42], [@bib43], [@bib44] The aberrant expression of specific miRNAs has been implicated in the development and progression of diverse diseases.[@bib31]^,^[@bib45] Genetic replacement or knockdown of target miRNAs by chemical molecules, referred to as miRNA mimic or inhibitor, has been used to reverse their abnormal expression and adverse biological effects. Here we used miR-30b-5p mimic and inhibitor *in vitro* to investigate the direct negative regulation of miR-30b-5p on NLPR3 expression. In addition to NLRP3, miR-30b-5p could also inhibit other target mRNAs. For instance, miR-30b-5p overexpression led to downregulation of MBNL1 in vascular smooth muscle cell and influenced its proliferation and differentiation in patients with coronary atherosclerosis.[@bib46] Inhibition of miR-30b-5p protected cardiomyocytes against hypoxia-induced injury by targeting Aven.[@bib47] miR-30b-5p directly targeted the Scn8a 3′ UTR and alleviated the oxaliplatin-induced chronic neuropathic pain by the negative regulation of the voltage-gated sodium channel Na~v~1.6 expression in DRG neurons of rats.[@bib48] What is more, miR-30b-5p agomir (mimic *in vivo*) was injected into liver injury mice via tail vein injection in the present study. Administration of miR-30b-5p agomir strikingly attenuated liver inflammation in MCDHF mice, as demonstrated by the decreased IL-1β expression, less hepatic steatosis, lobular inflammation, and hepatocyte ballooning, highlighting the miRNA-based treatment for liver inflammatory diseases. Here we injected 5 nM miR-30b-5p agomir into day 14 MCDHF mice and observed the therapeutic effect of miR-30b-5p on liver inflammation, and further studies will be needed to verify the anti-inflammatory effect of miR-30b-5p with different concentrations in multiple liver injury models and patients with liver disease.

Here we displayed the increased expression of NLRP3 and the negative correlation between the expression of NLRP3 and miR-30b-5p in both mouse and human injured liver. Mouse liver injury was induced by CCl~4~ injection or feeding with an MCDHF diet, which were two typical liver injury models.[@bib49]^,^[@bib50] Human liver samples were obtained from patients with chronic liver disease of different etiologies, including chronic HBV, HCV infections, alcoholic, cryptogenic, cholestatic, drug-induced, and autoimmune liver disease. Thus, our results revealed the universal regulation of miR-30b-5p on NLRP3 inflammasome regardless of species and the etiology of liver diseases, suggesting the great potential of miR-30b-5p/NLRP3-based therapies for liver diseases. NLRP3 CreZ knockin mice exhibited growth retardation and significantly lower body weight by post birth day 5 and usually died at 2--3 weeks with higher liver weight/body weight. Further studies will be needed to explore the role of NLRP3 in normal tissues, especially on cell survival.

In conclusion, we reveal the critical role CB1/miR-30b-5p/NLRP3 axis in chronic liver inflammation and fibrogenesis. miR-30b-5p participates in CB1-mediated activation of NLRP3 inflammasome in macrophages by directly targeting NLRP3 3′ UTR and downregulating its mRNA expression. What's more, administration of CB1 inhibitor AM281 or miR-30b-5p agomir reduces NLRP3 expression and activation of NLRP3 inflammasome and attenuates liver inflammation *in vivo*, which indicates CB1/miR-30b-5p/NLRP3 signaling as target for treatment of liver disease.

Materials and Methods {#sec4}
=====================

Mouse Models {#sec4.1}
------------

To induce CCl~4~-induced liver injury model, mice received intraperitoneal injections of 1 μL per gram body weight (BW) of a CCl~4~/olive oil (OO) mixture (1:9 v/v) twice per week, and were sacrificed at day 2, 3, 7, 14, or 28. The intraperitoneal injection of AM281 (2.5 mg/kg BW) was performed at 4 h before CCl~4~ administration for 28 days. Another liver injury model was induced by MCDHF diet (A06071309, Research Diet, NJ, USA) feeding. Mice were sacrificed at day 2, 3, 7, 14, or 28. The intraperitoneal injection of AM281 (2.5 mg/kg BW) was performed twice per week in day 14 MCDHF mice. miR-30b-5p agomir (Guangzhou RiboBio, CHN) was delivered *in vivo* using a "hydrodynamic transfection method," by which 5 nM miR-30b-5p agomir was rapidly injected into the tail vein twice per week in day 14 MCDHF mice. Control mice were injected with an equal volume of control agomir dissolved in PBS. Liver tissue and blood samples were collected. All animal work was conformed to the Ethics Committee of Capital Medical University and in accordance with the approved guidelines (approval number: AEEI-2014-131).

Isolation of Mouse Liver Macrophages {#sec4.2}
------------------------------------

Liver macrophages were isolated from mice. Anesthetized and heparinized mice were subjected to a midline laparotomy and cannulation of the portal vein followed by liver perfusion with an EGTA-chelating perfusion buffer. After perfusion with 0.4% collagenase buffer, livers were torn and cells dispersed in saline; macrophages were separated using low-speed centrifugation and 70%/30% percoll density gradient centrifugation (middle layer). The identification of macrophages was assessed using FACS analysis of F4/80 expression.

Isolation and Culture of BMMs {#sec4.3}
-----------------------------

Cells were obtained from the tibia and femur bone marrow of ICR (Institute of Cancer Research) mice. Bone marrow cells were extracted from the tibias and femurs by flushing with culture medium using a 25G needle. The cells were then passed through a 70-mm nylon mesh and were washed three times with PBS containing 2% FBS. Bone marrow cells were grown in culture dishes for 7 days in the presence of L929-conditioned medium. BMMs were treated with 1 μmol/L special CB1 agonist ACEA (TOCRIS/R&D, MN, USA) for 6 h to examine NLRP3 mRNA and 12 h to detect IL-1β protein. 10 μM CB1 antagonist AM281 (TOCRIS/R&D, MN, USA) was pre-treated 1 h before the stimulation of ACEA.

Human Liver Specimen {#sec4.4}
--------------------

Human fibrotic samples (fibrosis stage: F2--4) were obtained from livers of 30 patients undergoing liver biopsy (18 men, 12 women; mean age, 58 years; range, 25--76 years). Fibrosis was consecutive to chronic HBV (n = 10), HCV (n = 5), alcoholic (n = 5), cryptogenic (n = 3), cholestatic (n = 3), drug-induced (n = 1), and autoimmune (n = 3) liver disease. Normal liver samples were collected from 8 patients undergoing hepatic resection for hepatic hemangioma. All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Beijing Shijitan Hospital, Capital Medical University, Beijing, China (project identification code: 2018EC-1).

FACS {#sec4.5}
----

Non-parenchymal cells of mouse liver were isolated as described previously.[@bib51] APC-F4/80 antibody (eBioscience, San Diego, CA, USA) and its isotype-matched negative control were added to the non-parenchymal cells, respectively. After 15 min incubation in the dark, the cells were washed with PBS and subjected to FACS, which was performed on a FACSAria and analyzed with FACS Diva 4.1 (BD, Biosciences, NJ, USA).

qRT-PCR {#sec4.6}
-------

Extraction of total RNA from mice liver frozen specimen and qRT-PCR were performed. Primers were as follows: 18S rRNA: sense, 5′-GTA ACC CGT TGA ACC CCA TT-3′; antisense, 5′-CCA TCC AAT CGG TAG TAG CG-3′. mouse NLRP-3: sense, 5′-ATT ACC CGC CCG AGA AAG G-3′; antisense, 5′-TCG CAG CAA AGA TCC ACA CAG-3′. Mouse CB1: sense, 5′-GGC GGT GGC CGA TCT C-3′; antisense, 5′-CGG TAA CCC CAC CCA GTT T-3′. Human NLRP-3: sense, 5′-GAT CTT CGC TGC GAT CAA CAG-3′; antisense, 5′-CGT GCA TTA TCT GAA CCC CAC-3′.

Western Blot {#sec4.7}
------------

Western blot for NLRP3 and IL-1β was performed with 50 μg of protein extract using monoclonal antibodies to NLRP3 (1:2,000, Adipogen, CA, USA), IL-1β (1:2,000, CST, MA, USA) and the appropriate IRDyeTM 800-conjugated secondary antibody (1:10,000). Signals were detected using the Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and analyzed with Odyssey software. Results were normalized relative to GAPDH (1:1,000, CST, MA, USA) or β-tubulin (1:2,000, Transgen Biotech, CHN) expression to correct for variations in protein loading and transfer.

Measurement of Cytokines and Chemokines by Cytometric Bead Array (CBA) {#sec4.8}
----------------------------------------------------------------------

BMMs (500,000 cells) were lysed in 40 mL lysis buffer. IL-1β in homogenates was detected using CBA mouse IL-1β Flex Set (catalog number 558266, BD Biosciences, NJ, USA) and then analyzed by FACS.

Measurement of IL-1β by ELISA {#sec4.9}
-----------------------------

The concentration of IL-1β in liver tissue was measured by IL-1β ELISA kit (DAKEWE, CHN) according to the manufacturer's instructions. A standard curve was created and results were normalized to the protein content of the sample.

RNA Interference and Transfection {#sec4.10}
---------------------------------

The siRNA targeting CB1 was purchased from Invitrogen (Thermo Fisher Scientific, PA, USA). miR-30b-5p mimic or inhibitor was designed and synthesized by RiboBio (Guangzhou, CHN). The sequences of miR-30b-5p mimic, sense, 5′-UGUAAACAUCCUACACUCAGCU-3′; anti-sense, 5′-AGCUGAGUGUAGGAUGUUUACA-3′. The sequences of miR-30b-5p inhibitor, 5′-AGCUGAGUGUAGGAUGUUUACA-3′. BMMs were transfected with 40 nM CB1 siRNA, miR-30b-5p mimic or inhibitor, and correlated negative controls using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) for 6--8 h as recommended by the manufacturer. After 24 or 48 h, cells were collected to perform further experiments.

Pull-Down Assay {#sec4.11}
---------------

Biotinylated miR-30b-5p mimics and negative control mimics (Beijing AuGCT Biotechnology, CHN) were respectively transfected into BMMs. Cells lysate were then incubated with streptavidin-coupled magnetic beads (Dynabeads M-280 Streptavidin, Thermo Fisher Scientific, Waltham, MA, USA) for purifying target RNA in accordance with the manufacturer's instructions. The RNA amplification products quantified and analyzed by qRT-PCR were used for DNA agarose gel electrophoresis.

Luciferase Reporter Assays {#sec4.12}
--------------------------

BMMs were seeded in 96-well plates 24 h prior to transfection. Subsequently, the cells were transiently co-transfected with 1 ng/μL wild-type or mutant reporter plasmid (Guangzhou RiboBio, CHN) and 50 nM miR-30b-5p mimic or miR-control using Lipofectamine 2000. Firefly and Renilla luciferase activities were measured 48 h subsequent to transfection using the Dual Luciferase Assay (Promega, Madison, WI, USA), according to the manufacturer's protocol. Renilla luciferase activity was normalized to Firefly, and the value of Renilla luciferase activity/Firefly luciferase activity was analyzed.

Immunofluorescence Staining {#sec4.13}
---------------------------

Liver samples were fixed in 4% paraformaldehyde and embedded in Tissue Tek OCT compound. 5 μm of frozen section were used for immunofluorescence. Liver sections were blocked with 2% BSA, and then incubated with NLRP3 (1:400, Adipogen, CA, USA) or F4/80 antibody (1:100, Santa Cruz Biotechnology, CA, USA), Cy3-AffiniPure goat anti-mouse immunoglobulin G (IgG) or fluorescein isothiocyanate (FITC)-AffiniPure goat anti-rat IgG (1:100, Jackson Immunoresearch, West Grove, PA, USA) was used as secondary antibodies. The samples were covered with Vectashield mounting medium containing DAPI (4,6-diamino-2-phenylindole) and observed under confocal microscope (LSM510, Carl Zeiss MicroImaging GmbH, Germany).

Histology Analysis {#sec4.14}
------------------

Liver tissues were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. Liver tissue sections (5 μm) were stained with H&E for assessment of liver inflammation and injury. The inflammatory response was quantified by measuring the inflammatory area using ImageJ software. We measured 15 randomly selected areas per sample and calculated the mean value of the percentage of inflammatory area accounting for total area.

Data and Statistical Analysis {#sec4.15}
-----------------------------

The results are expressed as mean ± standard error of the mean (SEM). Statistical significance was assessed by Student's t test or one-way analysis of variance (ANOVA) for analysis of variance with post hoc Tukey's multiple comparison tests when appropriate. Correlation coefficients were calculated by Pearson test. p \< 0.05 was considered to be significant. All results were verified in at least three independent experiments.
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